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results  have  been  discussed. 
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PREFACE 


The  research  reported  herein  was  a  cooperative  effort 
between  Wright  State  University  and  the  Air  Force  Aerospace 
Medical  Research  Laboratory,  Toxic  Hazards  Division, 
Environmental  Quality  Branch,  and  is  a  portion  of  the  effort 
conducted  by  the  Environmental  Quality  Branch,  in  work  unit 
63020423,  Alternate  Fuels  Program. 

The  senior  author  was  an  employee  of  AFAMRL  and  this 
research  was  submitted  as  a  thesis  in  partial  fulfillment  of 
requirements  for  the  Master  of  Science  Degree  at  Wright  State 
University. 
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RELATIVE  TOXICITY  OF  SELECTED  AIR  FORCE  FUELS 
DETERMINED  BY  INSECT  BIOASSAY 

INTRODUCTION 


The  predominant  Air  Force  aviation  fuel  for  approximately  the  past  thirty 
years  has  been  JP-4.  It  is  characterized  as  a  wide  cut  fuel  consisting  of 
both  a  gasoline  and  kerosene  fraction.  JP-8  used  by  NATO  and  Air  Force 
operations  in  Europe  is  a  kerosene  type  fuel  similar  to  commercial  aviation 
fuel.  It  is  characterized  as  having  lower  volatility,  higher  density,  and 
higher  flashpoint  than  JP-4  (Table  1).  Both  JP-4  and  JP-8  are  distillation 
products  of  crude  petroleum  and  are  complex  mixtures  of  various  hydrocarbon 
moieties.  JP-9  a  cruise  missile  fuel  is  representative  of  a  class  of  fuel  in 
which  the  components  are  totally  synthetic  and  therefore  exactly  chemically 
defined.  It  is  composed  of  methlycylohexane,  exo  tetrahydro-dicyclopentadiene 
(JP-10),  and  perhydro-norbornadiene  (RJ-5). 

Considerable  interest  in  fuels  has  developed  over  the  past  few  years  as  a 
result  of  the  advances  in  shale  oil  technology,  requirements  of  broadened 
specifications  for  aviation  fuels,  efforts  to  reduce  costs,  and  the  need  for 
more  energy  per  gallon  in  the  high  density  fuels. 

Environmental  considerations  must  be  addressed  to  adequately  characterize 
the  environmental  impact  of  changing  technologies.  If  each  fuel  were  looked 
at  individually  there  would  be  no  question  as  to  its  toxic  effects.  However, 
to  fairly  assess  the  impact,  the  toxicity  and  adverse  effects  must  be  measured 
relative  to  a  standard.  In  this  case,  the  standard  is  JP-4  since  it  has  had  a 
long  history  of  use.  Unfortunately,  many  of  the  parameters  which  are 
currently  measured  to  assess  toxicity  were  not  previously  measured  for  JP-4 
and  must  be  conducted  simultaneously  with  the  fuels  of  interest. 

This  report  describes  effects  of  these  fuels  on  terrestrial  insects  in  an 
attempt  to  evaluate  relative  toxicity  and  adverse  impact.  Considerable  infor¬ 
mation  on  hydrocarbons  from  various  sources  has  been  developed.  A  brief 
review  will  lend  some  perspective  to  the  impact  of  refined  fuels. 

The  occurrence  of  aquatic  oil  spills  has  been  responsible  for  increased 
documentation  of  the  effects  of  petroleum  fuels  and  fuel  components  on  aquatic 
life.  These  studies  have  been  concerned  with  the  effect  of  petroleum  and  its 
components  on  the  many  types  of  marine  and  aquatic  habitats  and  organisms. 
Marine  and  aquatic  organisms  from  producers  to  consumers  are  also  adversely 
affected  by  fuel  oils.  A  partial  compilation  of  toxicity  tests  of  petroleum 
products  using  zooplankton  is  shown  in  Table  2,  (Hirota,  1977).  Results  from 
these  studies  indicate  significant  acute  and  chronic  toxicities  to  these 
organisms.  Many  authors  have  reported  toxic  effects  on  fish  resulting  from 
the  presence  of  crude  and  fuel  oils  in  the  environment  (Morrow,  1974;  Rehwoldt 
et  al.,  1974;  Connel,  1971;  Mackie  et  al.,  1972).  Higher  in  the  food  chain, 
marine  birds  and  mammals  have  been  reported  to  suffer  adverse  physiologic 
effects  from  accidently  introduced  petroleum  mixtures  (Peakall  et  al.,  1980; 
Geraci  and  Smith,  1976).  When  considering  most  marine  and  aquatic  organisms. 
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high  concentrations  of  petroleum  products  are  lethal;  however,  sublethal 
concentrations  can  be  responsible  for  lowered  reproductive  success,  altered 
behavior,  decreased  species  diversity,  and  for  shifted  population  densities. 

Early  toxicologic  assessment  has  shown  the  need  for  concern  about 
accidental  introduction  of  these  compounds  into  an  ecosystem.  These  studies 
have  focused  mainly  on  the  detrimental  effects  of  jet  fuels  to  aquatic 
organisms.  Various  fuels  and  their  components  have  significant  toxicity  to 
algal  growth  and  fish  (Jenkins  et  al.,  1977;  Klein  and  Jenkins,  1979).  Static 
bioassays  in  the  concentration  range  of  1.0-1. 7  mg/L  of  the  water  soluble 
fraction  (WSF)  of  JP-4  demonstrated  an  adverse  effect  on  rainbow  trout 
survival  and  growth.  The  WSF  of  JP-8  had  a  significant  effect  on  rainbow 
trout  mortality  at  a  concentration  range  between  2.1  and  8  mg/L.  In  a 
continuous  flow  bioassay  using  rainbow  trout,  the  WSF  of  JP-9  had  a  23  day 
LC50  value  of  0.26  mg/L.  The  photosynthetic  (mg  O^/mg  chlorophyll  a/h) 
index  of  periphyton  growth  was  used  in  early  toxicological  assessment  of  JP-4 
and  two  JP-9  components.  A  concentration  of  1.8  ppm  of  JP-4  lowered  the 
photosynthetic  index  of  periphyton  36%  (Lerman  et  al.,  1974). 

Toxic  effects  from  jet  fuel  have  also  been  observed  in  humans  who  have 
been  occupationally  exposed  to  low  concentrations  of  JP-9  (Knave  et  al.,  1978, 
1976).  Clinical  data  from  these  studies  show  symptoms  of  neurasthenic 
conditions  (fatigue,  anxiety,  mood  changes,  memory  difficulties,  and  psycho¬ 
somatic  conditions)  fol lowing  exposure  to  JP-9. 

In  contrast  to  aquatic  studies  and  human  studies,  there  has  been  limited 
research  conducted  on  the  effects  of  various  fuels  and  their  related  com¬ 
ponents  on  terrestrial  ecosystems  and/or  specific  animals  within  them.  The 
significance  of  these  fuels  as  pollutants  is  of  concern  in  all  environments. 
The  effects  on  terrestrial  communities  are  at  least  as  important  as  on  aquatic 
and  marine  communities.  When  these  substances  are  discharged,  they  become 
foreign  material  that  may  concentrate  or  circulate  in  ecosystems  and  may 
distort  their  functional  balance.  In  terrestrial  communities  with  a  complex 
trophic  structure  and  great  species  diversity  (such  as  a  temperate  deciduous 
forest),  the  early  effects  may  not  be  as  readily  visible  as  they  are  in  less 
complex  and  less  stable  communities  such  as  tundra  and  certain  aquatic 
communities.  However,  knowledge  of  potential  detrimental  effects  could  lead 
to  a  early  diagnosis  and  possible  avoidance  of  devastating  long  term  effects. 

Results  obtained  from  toxicologic  assessment  of  petroleum  compounds  in 
relation  to  aquatic  and  marine  organisms  should  not  be  directly  compared  with 
those  of  terrestrial  organisms  because  of  the  differences  in  physicochemical 
characteristics  between  the  environments.  Initial  fates  of  petroleum  com¬ 
pounds  when  they  come  in  contact  with  an  aqueous  environment  are  dispersion, 
emulsification,  and  sedimentation.  The  nitrogen,  sulfur,  and  oxygen- 
containing  compounds  in  the  oil  act  as  surface  components  and  may  determine  if 
there  is  formation  of  water  in  oil  droplets  at  the  surface.  If  an  oil  fuel, 
especially  a  highly  refined  fuel,  is  deposited  at  the  water  interface,  the 
formation  of  a  very  thin  film  results  due  to  lower  levels  of  surface  active 
compounds.  Physical  agitation  by  waves  and  wind  initiates  the  dispersion  of 
these  water-in-oil  droplets  or  thin  films.  Also,  some  of  the  hydrocarbon 
components  may  be  dispersed  by  attachment  to  organic  particulate  matter 
produced  by  bacteria  (Boehm  and  Quinn,  1973).  Another  major  factor 
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determining  the  initial  fate  of  an  oil  spill  is  the  oil's  specific  gravity.  A 
high  specific  gravity,  evident  in  some  crude  oils  and  oil  discharges  when 
combined  with  the  action  of  waves,  facilitates  the  formation  of  pelagic  tar. 
Petroleums,  such  as  Bunker  C,  which  have  densities  slightly  greater  than 
water,  lose  buoyancy  with  the  loss  of  volatile  components.  When  this  occurs, 
the  oil  droplets  travel  beneath  the  waves  for  varying  distances,  finally 
coming  to  the  surface  to  form  small  areas  of  circular  oil  film  (Conover, 

1971).  Petroleum  products  with  densities  less  than  water  form  slicks  which 
disappear  after  a  few  days.  This  disappearence  may  be  due  to  the  action  of 
wind  and  waves,  volatilization,  or  hydrocarbon  attachment  to  inorganic 
particulates. 

The  characteristics  of  soils  are  the  determining  factors  for  the  distri¬ 
bution  of  petroleum  products  in  the  terrestrial  environment.  The  non-polarity 
of  petroleum  components  is  the  determinant  of  retention  at  the  soil  surface. 
The  more  non-polar  a  substance,  the  higher  the  affinity  for  soil  particulate 
matter.  As  compounds  become  more  polar,  the  leaching  action  of  water  carries 
them  down  through  the  soil. 

Once  a  petroleum  derived  substance  has  been  introduced  and  distributed  on 
a  surface  a  major  avenue  of  loss  is  volatilization.  The  potential  for  a 
chemical's  vaporization  is  solely  dependent  on  its  vapor  pressure.  However, 
the  actual  vaporization  rate  is  affected  by  many  environmental  conditions  that 
tend  to  modify  vapor  pressure,  and  since  conditions  differ  between  aquatic  and 
terrestrial  situations,  distinct  differences  will  be  observed  in  a  chemical's 
vaporization  rate  between  the  two  environments. 

The  vaporization  of  a  petroleum  product  from  a  water  surface  parallels 
that  of  a  simple  steam  distillation.  This  phenomenon  is  determined  by  the 
insolubility  of  many  petroleum  components  in  water.  When  a  two-phase  liquid 
system  is  observed,  the  vapor  pressure  of  each  component  is  independent  of  the 
other  and  the  summation  of  these  vapor  pressures  is  the  total  vapor  pressure 
of  the  system.  The  final  boiling  point  is  determined  by  the  total  vapor 
pressure  and  will  be  lower  than  any  of  the  individual  boiling  points  of  the 
mixture's  components.  This  process  also  occurs  when  the  amount  of  organic 
phase  (petroleum  components)  is  very  small  since  the  concentrations  of  the 
components  in  a  steam  distillation  have  no  effect  on  the  total  vapor  pressure 
and  therefore  no  effect  on  the  boiling  point  of  the  mixture. 

The  same  chemical  and  physical  principles  govern  the  vaporization  of 
petroleum  components  from  a  terrestrial  surface;  however,  environmental 
factors  such  as  soil  composition,  soil  water  content,  and  particular 
atmospheric  conditions  ultimately  determine  the  loss  of  a  petroleum  compound 
by  evaporation.  Researchers  have  shown  that  soil  type  is  critical  for  the 
amount  of  adsorption  by  compounds  that  are  polar  or  ionic;  however,  organic 
content  of  the  soil  is  the  major  contributing  factor  for  adsorption  of 
compounds  that  are  weakly  polar  or  strongly  nonpolar  (Spencer,  1970;  Guenyi 
and  Beard,  1970).  With  increasing  concentrations  of  organic  matter  in  the 
soil,  the  vapor  pressure  of  introduced  substances  decreases.  In  contrast,  the 
vapor  pressure  of  a  weakly  polar  substance  increases  with  an  increase  in 
concentration  since  the  sites  of  adsorption  become  saturated.  Soil  water 
contents  are  also  extremely  important  in  determining  availability  of  the 
chemical  for  evaporation  from  the  soil  surface.  Using  non-polar  insecticides 
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as  examples,  researchers  have  shown  that  vaporization  occurs  more  rapidly  from 
soils  high  in  water  content  (Igue  et  al.,  1972;  Willis  et  al.,  1971;  and 
Guenyi  and  Beard,  1970).  This  observation  was  explained  by  an  increase  of 
vapor  pressure  at  higher  soil  water  content  resulting  from  water  displacement 
of  the  compound  from  the  soil  surface  (Spencer  et  al.,  1969).  Substances  just 
below  the  surface  of  the  soil  are  inhibited  from  downward  movement  by  a  mass 
movement  of  water  upwards.  In  addition  to  the  diffusion  of  water  upward, 
there  is  a  suction  gradient  created  when  water  is  evaporated  from  the  soil. 
This  gradient  draws  more  water  from  the  underlying  surface  along  with  any 
substance  such  as  petroleum  components,  therefore  increasing  quantities  of 
these  components  for  possible  evaporation  from  the  soil  surface.  Additional 
factors  that  influence  evaporation  of  petroleum  components  from  the  surface 
are  imposed  by  air  exchanges  at  the  soil: air  interface.  Increased  air  move¬ 
ment  caused  by  air  currents  produces  an  increased  tendency  for  evaporation. 

There  are  also  a  number  of  chemical  processes  that  affect  the  fate  of  a 
petroleum  product  in  an  environment  which  vary  under  aqueous  and  terrestrial 
conditions.  Photochemical  reactions  comprise  a  major  portion  of  the  chemical 
mechanisms  and  some  photoreactions  of  petroleum  chemicals  are  identical  in 
both  aquatic  and  terrestrial  systems.  The  difference  between  the  two 
environments  is  demonstrated  by  the  mobility  of  petroleum  products  after 
photoreactions  have  occurred.  A  viscous  oil  film  on  water  will  actually 
contract  when  photo-oxidation  proceeds  due  to  formation  of  polymeric  products 
and  restricted  diffusion  of  photo-oxidation  products  to  the  oil:water 
interface  (Klein  and  Pilpel,  1974).  A  lesser  effect  or  no  effect  is  observed 
on  oil  films  that  are  less  viscous  except  that  photo-oxidation  products  may  be 
more  water  soluble.  Due  to  a  higher  oxygen  content,  there  may  be  a  higher 
rate  of  photo-oxidation  occurring  at  the  soil:air  interface.  Photo-oxidation 
creates  more  water  solubility  which  is  a  primary  determinant  of  the  mobility 
of  petroleum  products  in  soil.  Generally,  increased  water  solubility  produces 
a  downward  flow  of  substances  through  the  soil  although  there  may  be  the 
association  of  petroleum  components  with  the  mass  movement  of  water  upwards 
due  to  an  evaporation  suction  gradient  discussed  earlier.  The  effect  of 
photo-oxidation  may  be  reduced  if  there  is  a  tight  binding  of  petroleum 
chemical  to  soil  particulates  by  adsorption. 

Hydrolysis  is  another  chemical  reaction  that  is  partially  responsible  for 
the  fate  of  a  compound  in  an  ecosystem.  The  role  of  hydrolysis  may  be  more 
critical  in  an  aqueous  environment  since  the  reactants  are  in  constant  contact 
with  water  molecules.  Compounds  such  as  insecticides  with  various  substituted 
moieties  have  been  shown  to  be  susceptible  to  hydrolysis  which  increases 
solubility  and  subsequent  loss  in  the  aquatic  environment  (Parlar  et  al., 

1975;  Stellar  et  al.,  1960).  The  role  of  hydrolysis  in  a  terrestrial 
environment  is  limited  to  soils  with  high  moisture  content  and  can  increase 
the  solubility  of  any  introduced  compounds  in  the  soil  water.  Oxidation 
occurs  in  natural  conditions  and  can  effect  the  fate  of  an  introduced 
petroleum  compound.  Oxygen  can  react  naturally  with  a  number  of  hydrocarbons 
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found  in  petroleum  products  to  yield  a  hydro-peroxide  in  autooxidation.  The 
mechanism  is  as  follows: 


-H 

RH - >  R 

R  +  0  0 - >  R  -  0  0 

R  -  0  0  +  H  R - •>  R  -  0  -  OH  +  R 


The  free  radicals  formed  can  react  with  the  allylic  hydrogens  of  olefins  to 
cause  cross-linking  polymerization.  This  process  has  been  observed  in  nature 
in  the  spoiling  of  fats  and  oils  and  also  the  aging  of  rubber.  The  extent  of 
autooxidation  in  nature  is  dependent  on  the  presence  of  molecular  oxygen  and  a 
number  of  catalytic  agents  such  as  UV  irradiation  and  traces  of  heavy  metals. 

Comparing  the  terrestrial  and  aquatic  environments,  the  amount  of 
oxidation  taking  place  might  be  higher  at  a  soil:air  interface.  Increased 
terrestrial  autooxidation  would  probably  not  be  due  to  higher  oxygen  con¬ 
centration  or  greater  UV  irradiation  but  to  increased  catalysis  by  higher 
heavy  metal  concentrations  in  soil.  The  initial  effect  of  autooxidation  is  an 
increase  in  solubility  by  hydrogen  bonding  to  the  hydroperoxides  formed.  As 
previously  discussed,  increased  water  solubilities  affect  the  fate  of  a 
compound  in  either  of  the  two  environments.  The  formation  of  polymeric 
materials  by  cross-linking  via  free  radicals  increases  the  molecular  weight  of 
petroleum  components  and  can  increase  retention  at  the  soil  surface.  The 
eventual  results  of  autooxidation  in  aquatic  environments  parallel  photo¬ 
oxidation  in  aquatic  environments,  i.e.,  viscous  oil  films  contract  and  no 
effect  is  observed  in  less  viscous  oil  films. 

The  primary  effect  of  many  of  these  natural  chemical  processes  is  to 
increase  a  compound's  water  solubility.  Since  water  soluble  compounds  are 
diluted  and  dispersed  quicker  in  an  aqueous  phase,  these  abiotic  processes  may 
be  critical  in  their  removal  from  an  aquatic  environment.  In  contrast,  these 
processes  may  not  be  as  significant  to  removal  of  substances  from  a 
terrestrial  situation.  In  addition,  naturally  occurring  chemical  processes 
acting  on  a  petroleum  product  can  alter  its  toxicity  to  organisms  in  the 
environment.  Since  these  chemical  processes  can  be  different  or  occur  at 
different  rates  in  aquatic  and  terrestrial  ecosystems,  the  relative  toxicity 
of  a  petroleum  product  may  not  be  the  same  in  the  two  environments. 

Two  other  processes  that  control  the  ultimate  fate  of  a  compound  in  the 
environment  are  biodegradation  and  biotransformation.  The  majority  of 
organisms  responsible  for  these  processes  are  bacteria  and  lower  plants 
although  many  higher  plants  and  animals  can  also  contribute  to  the  degradation 
or  transformation  of  a  xenobiotic.  It  seems  reasonable  to  assume  that  species 
variation  in  biodegrading  flora  and  fauna  may  contribute  to  significant 
differences  in  the  final  results.  Differences  in  biodegradation  pathways  seem 
likely  but  research  has  not  been  conducted  to  compare  the  results  of  degra¬ 
dation  of  a  common  substance  by  soil  and  aquatic  flora  and  fauna.  There  is  a 
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plethora  of  information  concerning  the  degradation  of  petroleum  products  by 
marine  microorganisms  (Bobra  et  al.,  1980;  Walker  and  Colwell,  1976,  1975, 
1974;  Walker  et  al.,  1976,  1975;  Crow  et  al.,  1974;  Mulkins-Phi 1  lips  and 
Stewart,  1974a,  b;  Atlas  and  Bartha,  1973;  Zobell,  1969).  General  conclusions 
from  these  studies  indicate  that  microorganisms  contribute  significantly  to 
the  breakdown  of  petroleum  products  with  biodegradation  rates  ranging  from 
0.02  to  20  g/m^/day  at  24  to  30°C  reported.  Although  no  individual 
microbial  species  was  capable  of  totally  degrading  oils,  a  mixture  of  microbes 
was  capable  of  degrading  petroleum  substances  to  at  least  small  molecular 
weight  aliphatics  and  aromatics. 

There  is  little  information  on  the  biodegradation  of  petroleum  substances 
by  soil  microorganisms.  There  is  an  abundance  of  information  on  the  degra¬ 
dation  of  pesticides  by  soil  microbial  populations  which  has  been  reviewed 
extensively  (Matsumura,  1975;  Alexander,  1972;  Boush  and  Batterton,  1972;  and 
Khan  et  al.,  1972).  Since  pesticides  have  a  variety  of  chemical  structures, 
including  hydrocarbons  as  the  major  components,  some  of  the  same  enzyme 
systems  for  degradation  of  pesticides  may  be  utilized  for  degrading  many 
components  of  a  petroleum  product. 

The  physical  characteristics  of  the  terrestrial  and  aquatic  environments 
initially  determine  availability  of  the  substances  to  be  degraded  since 
adsorption,  solubility,  and  volatilization  are  faster  processes  than  enzymatic 
action  by  microbes.  Species  composition  in  aquatic  or  terrestrial  conditions 
is  important  in  determining  the  rate  of  degradation  of  petroleum  compounds. 
Fungi  (Penici Ilium  and  Cunninghamel le  spp.)  were  found  to  utilize  85-92%  of 
paraffinic  crude  oils,  whi le  bacteria  (Flavobacterium,  Brevibacterium,  and 
Arthrobacter  spp.)  utilized  lesser  amounts,  varying  between  35  to  70% 

(Colwell,  1978).  Comparative  studies  demonstrated  that  south  Louisiana  crude 
oil  was  degraded  more  completely  by  yeasts  (Candida)  and  fungi  (Penicillium) 
than  by  bacteria  (Pseudomonas  and  CoryneformsJ^  Deductively,  the  degradation 
of  petroleum  products  might  be  greater  in  terrestrial  than  aquatic  envi¬ 
ronments  because  microbial  populations  and  activities  are  generally  more 
abundant  in  soil  than  in  water.  It  is  evident  that  differences  in  the 
physiochemical  and  biological  characteristics  of  aquatic  and  terrestrial 
environments  might  alter  the  specific  types  of  toxic  effects  a  xenobiotic 
might  have  on  the  respective  biota.  It  is  critical  for  toxicologic  assessment 
of  a  xenobiotic  in  a  terrestrial  environment  because  comparison  to  toxicity 
data  from  aquatic  studies  may  not  be  valid.  A  toxicologic  assessment  of  jet 
fuels  in  a  terrestrial  ecosystem  is  important  due  to  the  potential  of 
accidental  introduction.  Contamination  may  also  be  caused  by  jettisoning 
fuels  over  land  or  seepage  into  the  soil  from  storage  facilities. 

Since  many  terrestrial  communities  have  a  high  species  diversity,  there 
may  be  a  wide  range  of  toxic  responses  elicited  from  terrestrial  organisms  due 
to  xenobiotics  such  as  jet  fuels.  The  insect  is  an  ideal  model  system  for  the 
toxicologic  assessment  of  fuels  in  a  terrestrial  ecosystem.  In  terms  of 
numbers  of  organisms  and  species  diversity,  insects  make  up  the  majority  of 
the  terrestrial  community  and  thus  the  importance  of  these  organisms  in  food 
chains  and  ecosystem  functions  is  apparent.  Arctic  tundra,  tropical  rain 
forest,  desert,  deciduous  forest,  and  fast  and  slow  flowing  aquatic  ecosystems 
are  all  inhabitable  by  insects.  Insects  represent  both  the  first  consumer 
(herbivore)  and  higher  trophic  (carnivore)  levels  in  the  food  chain.  The 
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assessment  of  fuel  toxicity  to  insects  is  also  of  value  since  many  insects  are 
beneficial  or  detrimental  to  human  welfare,  particularly  as  pollinators  and 
vectors  in  disease  transmission. 

Insects  also  represent  a  well  studied,  wide  range  of  physiologic  types, 
and  a  particular  toxic  effect  can  be  studied  under  physiologically  different 
parameters.  The  biochemical  and  physiologic  responses  of  insects  to  insec¬ 
ticides  have  been  well  investigated  (Rockstein,  1978;  Wilkinson,  1976; 
Matsumura,  1975).  Comparing  the  toxic  effects  of  fuels  on  insects  to  prior 
effects  observed  using  various  insecticides  might  provide  a  useful  method  for 
understanding  the  mechanisms  of  transport,  action,  and  detoxification  in 
response  to  a  fuel.  In  addition  to  having  already  been  extensively  studied, 
insects  represent  one  of  the  most  phylogenetically  advanced  invertebrates  and 
many  toxic  actions  by  a  xenobiotic  to  an  insect  may  be  used  to  estimate  the 
effect  of  this  same  xenobiotic  on  a  mammalian  system,  man  included.  Insects 
have  been  used  as  a  model  to  study  pharmacologic  effects  of  drugs  on  neuro¬ 
muscular  junctions  (MacDonald,  1975)  and  neurosecretory  cells  (Nanda,  1973) 
and  a  variety  of  immunological  phenomena  (Bird,  1974;  Anderson  et  al.,  1972; 
Scott,  1971).  An  excellent  review  of  literature  on  insect  physiology  and 
biochemistry  illustrates  the  worth  of  these  organisms  in  toxicology  research 
(Kaiser,  1980). 

Various  behavioral,  reproductive,  and  developmental  strategies  also 
provide  avenues  for  comparison  of  toxic  effects  of  xenobiotics  to  insects. 
Behavioral  patterns  ranging  from  solitary  existences  of  many  insect  orders  to 
a  highly  developed  social  structure  in  termites,  ants,  and  bees  can  be  used  to 
contrast  the  toxicity  of  a  compound.  A  comparative  study  of  toxicity  can  also 
be  made  using  a  number  of  insect  reproductive  strategies  such  as  bisexual 
processes,  parthenogenesis,  hermaphroditism,  or  protandry.  The  harmful 
effects  of  a  substance  on  development  can  be  contrasted  in  insects  undergoing 
incomplete  or  complete  metamorphosis  . 

In  addition  to  the  diversity  of  insects  and  their  uses  as  a  comparative 
bases  for  toxic  effects,  terrestrial  insects  are  well  suited  models  in 
toxicologic  assessment  due  to  economic  factors.  Generally,  insects  are  easy 
to  rear  in  the  laboratory.  Space  required  for  maintenance  of  an  insect 
culture  is  small  and  many  cultures  of  the  same  or  different  species  can  be 
maintained  in  a  single  laboratory.  A  large  number  of  insect  diets  have  been 
defined  and  many  are  simple  and  inexpensive  (Singh,  1977).  Insects  life 
cycles  are  usually  short  with  high  fecundity  rates  thus  large  numbers  are 
obtainable  in  a  reasonable  length  of  time. 

The  purpose  of  this  study  was  to  determine  relative  toxicities  and 
probable  impact.  Initial  studies  were  to  determine  the  acute  toxicity  of 
different  jet  fuel  types  (JP-4,  JP-8,  and  JP-9)  and  derivatives  of  single  fuel 
types  (shale  or  petroleum)  by  contact  and  injection  methods  for  a  variety  of 
insect  species.  These  acute  toxicities  were  also  compared  by  determining  the 
effect  of  relative  humidity,  temperature,  evaporation,  and  UV  exposure  on 
LC50  values. 

The  effects  of  various  concentrations  of  these  fuels  on  water  balance  were 
also  studied.  This  process  was  studied  because  some  components  of  the  fuel 
might  act  as  organic  solvents,  disrupting  the  water-proofing  wax  layer  that 
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covers  the  exoskeleton.  Maintenance  of  water  balance  to  protect  the  integrity 
of  the  exoskeleton  is  a  major  factor  limiting  the  survival  and  distribution  of 
insects  in  natural  environments  (Arlian  and  Veselica,  1979;  Edney,  1977). 

This  sytem  is  also  an  important  consideration  because  toxic  agents  enter  an 
organism,  move  between  internal  compartments  and  leave  an  organism  in  a  water 
medium.  There  is  evidence  that  sensitivity  to  toxic  agents  may  be  related  to 
water  turnover  rate  (Overly  and  Arlian,  1978). 

Metabolic  rate  may  be  used  as  a  determinant  of  chronic  effect  of  fuels  on 
an  organism.  Insects  have  many  enzyme  systems  capable  of  using  xenobiotics  as 
substrates.  Several  of  these  enzymes  are  loosely  categorized  as  the  micro¬ 
somal  oxidase  system  and  require  molecular  oxygen  for  activity.  A  typical 
response  to  a  xenobiotic  such  as  fuel  may  be  an  increased  metabolic  activity 
in  order  to  cope  with  the  foreign  substance.  It  is  reasonable  to  assume  that 
the  fuels'  mechanism  of  lethality  may  be  due  to  overloading  detoxifying  enzyme 
systems  and  increasing  metabolic  activity  to  unsurvivable  levels. 
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MATERIALS  AND  METHODS 


Selection  and  culture  of  experimental  insects 


Insects  used  in  this  study  were  the  rice  weevil  (Sitophilus  oryzae),  flour 
beetle  (Tribolium  confusum) ,  tenebrionid  beetle  (Tenebrio  sp. ) ,  convergent 
lady  beetle  (Hippodamia  convergens),  European  earwig  (forficula  auricularia), 
cockroach  (Blaberus  sp.),  and  fruit  fly  (Drosophila  melanogaster~)~ 

Rice  weevils  were  cultured  in  5  L  cylinders  or  plastic  one  gallon  jars 
with  wheat  as  a  food  source.  Flour  beetles  were  cultured  on  bran  meal  and 
wheat  flour  in  plastic  gallon  jars  and  31  X  16.5  X  9.5  cm  boxes.  Tenebrionid 
larvae  were  supplied  by  Carolina  Biological  Supply  Company,  and  raised  on  bran 
meal  and  kept  in  31  X  16.5  X  9.5  cm  plastic  boxes.  Fresh  sectioned  potatoes 
periodically  added  to  the  cultures  served  as  a  moisture  source.  Convergent 
lady  beetles  were  supplied  in  a  mixed  species  group  from  Burpee  Seed  Company. 
Adults  were  maintained  in  a  61  X  31  X  31  cm  aluminum  screened  insect  cage 
filled  with  straw  to  act  as  a  substrate.  The  artificial  diet  consisted  of 
equal  parts  of  alfalfa  flour  and  sucrose  and  a  pinch  of  baking  yeast  (Singh, 
1977).  Water  was  provided  in  100  mm  culture  dishes  containing  water  soaked 
cotton.  The  beetles  remained  viable  for  3  1/2  months.  Adult  European  earwigs 
were  obtained  from  Carolina  Biological  Supply  Company.  Cultures  were 
initiated  by  placing  approximately  twelve  adults  in  a  31  X  16.5  X  9.5  cm 
plastic  container  filled  with  approximately  25  cm  of  top  soil.  Powdered 
Purina  lab  chow  and  small  sections  of  potatoes  and  carrots  served  as  food  and 
water.  A  cockroach  colony,  already  in  existence  in  the  laboratory,  was  - 
maintained  in  61  X  31  X  31  cm  aluminum  screened  insect  cages  or  10  gal  aquaria 
filled  with  80  cm  of  wood  shavings.  Purina  lab  chow  was  used  for  food  and 
water  was  provided  in  bottles  containing  a  cotton  dental  wick.  Fruit  flies 
and  instant  Drosophila  medium  were  obtained  from  Carolina  Biological  Supply 
Company.  Adult  insects  were  randomly  selected  from  the  cultures  for  testing. 

Contact  exposure  studies 

Contact  studies  to  evaluate  acute  toxicity  of  selected  fuels  were 
performed  using  all  species  except  the  fruit  fly.  A  dilution  series  of  2,  5, 

8,  12,  16,  24,  28,  32,  and  36%  (V/V )  fuel  in  acetone  was  made  prior  to 
exposure  for  testing  smaller  insects  (flour  beetles,  rice  weevils,  earwigs, 
and  lady  beetles).  A  dilution  series  of  5,  10,  20,  25,  30,  35,  40,  45,  and 
50%  (V/V)  fuel  in  acetone  was  used  for  larger  insects  (tenebrionid  beetles  and 
cockroaches).  Acetone  alone  was  used  as  a  control  treatment  for  both  series. 
One  ml  of  the  dilute  fuel  or  acetone  was  pipetted  on  a  9.0  cm  Whatman  no.  1 
filter  paper  placed  in  the  bottom  of  a  100  X  15  mm  plastic  petri  dish.  The 
test  fuel  was  allowed  to  distribute  evenly  on  the  filter  paper  for  7  min.  At 
least  15  insects  were  placed  on  the  filter  paper  and  covered  with  the  lid  of 
the  petri  dish.  The  lid  had  been  perforated  with  approximately  30  small  holes 
to  allow  for  gas  exchange.  This  process  was  repeated  for  each  fuel  dilution. 
Each  petri  dish  was  supported  above  approximately  20  ml  of  a  glycerol  or 
saturated  salt  solution  in  a  300  ml  culture  bowl.  A  95%  glycerol  solution  was 
used  to  maintain  a  relative  humidity  (RH)  of  22%  (Segur,  1953).  Saturated 
Mg(N03)2  •  7H20,  NaCl,  and  K2SO4  solutions  were  used  to  maintain 
RH's  of  55,  65,  85,  or  98%  (Winston  and  Bates,  1960).  The  culture  bowl  was 
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tightly  sealed  with  plastic  wrap  held  in  place  with  a  heavy  rubber  band. 
Culture  bowls  were  placed  in  incubators  preset  for  13,  23,  or  33°C. 

Due  to  their  large  size,  cockroaches  were  assayed  for  contact  toxicity  in 
a  slightly  different  manner.  A  9.0  cm  Whatman  no.  1  filter  paper  was  placed 
directly  into  a  300  ml  culture  bowl  and  one  ml  of  the  fuel  dilution  or  acetone 
was  pipetted  on  the  filter  paper.  After  the  fuel  was  allowed  7  min  for  even 
distribution  on  the  filter  paper,  3  cockroaches  were  placed  into  the  bowl  and 
the  bowl  tightly  sealed  with  perforated  plastic  wrap  and  secured  with  a  heavy 
rubber  band.  Four  culture  bowls  containing  3  cockroaches  each  were  employed 
for  each  fuel  dilution  to  obtain  an  adequate  sample  size.  Contact  studies 
utilizing  cockroaches  were  performed  only  at  ambient  temperature  and  RH  (ca. 
23°C  and  55%). 

Median  lethal  concentrations  (LC50)  were  determined  by  probit  anaylsis 
(Brandt  and  Arlian,  1976;  Arlian  1975;  Finney,  1971;  and  Miller  and  Tainter, 
1944),  for  exposures  of  12,  24,  36,  48,  72,  and  96  h.  Behavioral  observations 
were  made  during  the  exposure  period. 

Residual  toxicity  study 

Rice  weevils  were  used  to  determine  relative  amounts  of  residual  toxic 
components  remaining  in  a  variety  of  fuels  after  predetermined  evaporation 
times.  To  accomplish  this,  the  contact  exposure  method  previously  described 
was  altered  slightly.  A  dilution  series  of  fuel  was  pipetted  (1  ml  of  each 
dilution)  onto  a  set  of  petri  dishes  and  exposed  to  ambient  temperature  and  RH 
for  6,  12,  and  24  h.  After  the  predetermined  evaporation  time,  at  least  15 
rice  weevils  were  introduced  into  each  petri  dish  and  covered  with  a 
perforated  petri  dish  lid.  Ambient  conditions  were  maintained,  and  LC50 
values  were  determined  after  exposures  of  12,  24,  36,  48,  72,  and  96  h. 

Contact  toxicity  to  ultraviolet  light  treated  fuels 

Using  rice  weevils,  the  same  contact  exposure  method  described  was  used  to 
determine  differences  in  toxicity  among  a  number  of  UV  light  irradiated  fuels 
and  non-irradiated  controls. 

Approximately  100  ml  of  fuel  was  placed  in  a  500  ml  quartz  test  tube, 

covered  with  aluminum  foil,  and  positioned  within  an  UV  light  chamber.  The 

fuel  was  irradiated  at  a  wave  length  of  350  nm  for  8  h.  Approximately  100  ml 
of  the  same  type  of  fuel  was  placed  in  another  500  ml  quartz  test  tube, 
covered  with  aluminum  foil,  and  supported  on  a  ring  stand  outside  the  UV  light 

chamber  served  as  a  control  and  was  run  in  the  same  8  h  period  as  the 

irradiated  sample. 

After  8  h  had  elapsed,  dilution  series  were  used  in  contact  exposure 
studies  to  rice  weevils  to  determine  relative  LC5Q ' s .  This  process  was 
repeated  for  a  number  of  fuel  types. 

Injection  Studies 

Cockroaches  were  used  in  the  injection  study.  A  90%  fuel  in  acetone 
dilution  was  injected  into  the  mesosternal  area  of  the  insect,  between  the 
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second  pair  of  legs  using  a  calibrated  Isco  microapplicator.  Three  identi¬ 
cally  treated  cockroaches  were  placed  in  a  300  ml  culture  bowl  and  the  bowl 
was  sealed  with  perforated  plastic  wrap  secured  by  a  rubber  band.  Twelve 
cockroaches  were  used  at  each  injection  volume  to  provide  an  adequate  sample 
size  and  injection  volumes  were  6.9,  13.6,  20.3,  27.0,  33.7,  and  40.4  yl.  A 
40.4  pi  acetone  injection  was  given  to  control  cockroaches.  Culture  bowls 
were  maintained  at  ambient  conditions.  Mortality  and  behavioral  charac¬ 
teristics  were  recorded  at  12,  24,  36,  48,  72,  96  h  post  treatment. 

Transpiration  rates  in  fuel  treated  rice  weevils 

Transpiration  rates  of  rice  weevils  treated  with  JP-4  derivatives  (shale 
and  petroleum)  were  compared  to  controls  at  various  RH  and  temperatures  by 
slight  modifications  of  the  method  of  Arlian  and  co-workers  (Arlian,  1979; 
Arlian  &  Eckstrand,  1975). 

Initial  standardization  of  rice  weevils  with  tritiated  water  (HT0)  was 
accomplished  by  placing  them  in  a  closed  chamber  containing  HT0  vapor.  The 
chamber  contained  approximately  10  ml  of  a  saturated  K2SO4  salt  solution 
(98%  RH)  and  a  total  HT0  activity  of  5  mCi.  Glass  beads  were  placed  in  the 
chamber  to  a  height  well  above  the  HT0  salt  solution  to  avoid  direct  contact 
with  introduced  rice  weevil  cages.  Twelve  cages  each  containing  approximately 
75  rice  weevils  were  placed  in  the  chamber.  The  cages  consisted  of  13  mm 
diameter  glass  tubes  of  approximately  35  mm  in  length  sealed  at  both  ends  with 
400  mesh  stainless  steel  screens  secured  in  place  by  rubber  tubing  plugs. 
Standardization  was  carried  out  at  ambient  temperature  for  ca.  48  h.  During 
this  period  weevils  exchanged  normal  body  water  for  HT0  from  the  HT0  vapor 
around  them. 

After  standardization,  the  rice  weevils  were  treated  with  petroleum  or 
shale  derived  JP-4  by  the  contact  exposure  method  previously  described  and 
subjected  to  either  98,  75,  or  22%  RH  and  temperatures  of  13,  23,  and  33°C. 
Fuel  dilutions  for  both  JP-4  fuels  were  16%  for  use  at  98  and  75%  RH  and  8% 
for  use  at  22%  RH.  Acetone  controls  were  used  at  each  experimental  RH  and 
temperature.  These  fuel  dilutions  were  selected  because  they  gave  mortalities 
of  less  than  50%  after  48  h  exposure  for  most  of  the  environmental  conditions 
used  in  the  transpiration  study.  Approximately  50  rice  weevils  were  equally 
divided  into  two  petri  dishes  containing  the  appropriate  fuel  treated  filter 
paper  and  placed  in  a  100  mm  desiccator  filled  with  the  proper  salt  or 
glycerol  solution  to  maintain  the  desired  RH.  This  process  was  repeated  for 
all  three  desired  RH's.  The  six  desiccators  were  placed  in  a  BOD  incubator 
equilibrated  at  one  of  the  three  temperatures  used. 

At  ca.  12,  24,  36,  and  48  h  after  initiation  of  the  experiment,  20  weevils 
were  taken  from  each  desiccator  and  placed  individually  in  vials  containing  5 
ml  of  Aquassure  scintillation  cocktail.  The  tritium  content  was  assayed  on  a 
Hewlett-Packard  Tracor  scintillation  counter. 

The  same  procedure  was  used  to  measure  the  transpiration  rates  of  rice 
weevils  subjected  to  a  higher  concentration  of  conventional  JP-4.  Dilutions 
were  24%  at  98  and  75%  RH  and  12%  at  22%  RH.  These  dilutions  were  selected 
because  they  gave  rice  weevil  mortalities  of  greater  than  50%  for  a  48  h 
exposure.  This  experiment  was  conducted  only  at  23°C. 
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Transpiration  rate  constants  were  calculated  to  compare  fuel  treated  and 
control  rice  weevils  at  the  various  temperatures  and  humidities.  The  efflux 
of  HTO  was  used  to  calculate  transpiration  rate  constants  since  HTO  loss  is 
proportional  to  actual  water  loss  (Arlian,  1979;  Arlian  &  Staiger,  1979; 
Arlian,  1972;  Wharton  &  Devine,  1968).  Loss  of  HTO  from  the  rice  weevil 
followed  the  first  order  kinetic  relationship: 


ln  (Tt/To)  =  kjt 


where  T^  is  the  tritium  content  of  the  water  pool  at  any  time  t,  T0  is  the 
initial  tritium  content  at  time  0,  kj  is  the  rate  constant  for  HTO  loss,  and 
t  is  time  (Arlian,  1979).  By  this  first  order  kinetic  relationship,  the 
transpiration  rate  constant  was  determined  as  the  slope  of  a  semi  log  plot  of 
mean  (CPM)  versus  sample  time. 

Passive  water  sorption  in  fuel  treated  rice  weevils 

Passive  water  sorption  rates  were  determined  for  conventional  JP-4  treated 
rice  weevils  and  acetone  controls  at  98  and  22%  RH  under  ambient  temperature 
using  a  slight  modification  of  the  methods  described  by  Arlian  and  co-workers 
(Arlian  1979;  Arlian  &  Veselica,  1979;  Arlian  &  Eckstrand,  1975).  Weevils 
were  treated  with  fuel  for  48  h  by  the  contact  exposure  method  previously 
described.  Concentrations  of  24%  and  12%  JP-4  in  acetone  were  used  at 
relative  humidities  of  98  and  22%.  Approximately  50  fuel  treated  or  control 
(acetone  treated)  rice  weevils  were  placed  in  each  cage  of  the  design  pre¬ 
viously  described.  Two  cages  each  of  control  and  fuel  treated  rice  weevils 
were  placed  in  a  chamber  containing  HTO  vapor  maintained  at  either  98  or  22% 
RH.  This  process  was  repeated  until  three  chambers  containing  cages  at  each 
RH  were  employed.  Chambers  were  constructed  in  the  same  manner  described 
previously.  A  tritium  activity  of  1  mCi  was  maintained  in  saturated  K2SO4 
in  each  of  the  98%  RH  chambers,  while  an  activity  of  10  mCi  was  maintained  in 
95%  glycerol  solutions  in  each  of  the  22%  RH  chambers. 

Twenty  fuel  treated  and  control  weevils  were  selected  from  alternate  HTO 
chambers  at  each  relative  humidity  at  3,  6,  15,  20,  28,  42,  50,  67,  76,  and  92 
h  after  initiation  of  the  experiment.  Individual  weevils  were  placed  in 
scintillation  vials  containing  5  ml  of  Aquassure  cocktail  and  assayed  for 
tritium  content. 

The  sorption  rate  of  HTO  by  rice  weevils  is  proportionate  to  the  sorption 
rate  of  water  and  can  be  calculated  by  using  the  zero-order  relationship: 


In  ((Too-  T^J/Too)  =  -kst 
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where  Too  is  the  internal  concentration  of  tritium  in  the  weevil  at 
equilibrium,  is  the  internal  tritium  content  at  time  t,  -l<5  is  the 
sorption  rate  constant,  and  t  is  time  (Arlian,  1979;  Arlian  &  Veselica, 

1979).  Too  was  determined  asymptotical ly  from  a  semi  log  plot  of  CPM  (tritium) 
versus  sample  time  (t).  Sorption  rate  constants  (-k5 )  were  slopes  of 
regression  lines  obtained  from  semi  log  plots  of  (Too  -  T-t)  versus  t. 

Metabolic  rates  of  fuel  treated  rice  weevils 

The  metabolic  rate  of  rice  weevils  treated  with  conventional  JP-4  was 
determined  under  ambient  RH  and  temperature  conditions.  The  rice  weevils  were 
treated  with  24%  fuel  using  the  previously  described  exposure  method  with  an 
acetone  control.  Metabolic  rates  (yl  02/hr)  were  determined  after  12,  48, 
and  72  h  of  contact  with  the  fuel. 

The  determination  of  metabolic  rate  was  accomplished  as  follows:  20  fuel 
treated  or  control  weevils  were  individually  caged  in  glass  tubes  3  mm  in 
diameter  and  ca.  1  cm  in  length.  The  tubes  were  placed  in  a  shell  vial  (95  mm 
X  15  m)  filled  with  ca.  5  g  KOH  pellets  to  absorb  respired  CO2.  This 
process  was  repeated  with  control  weevils.  An  empty  shell  vial  containing 
only  the  KOH  pellets  and  20  empty  cages  was  set  up  to  be  used  to  measure  the 
effect  of  barometric  pressure.  Each  vial  was  sealed  with  a  #3  neoprene 
stopper  containing  a  1  ml  pipette  inserted  through  the  stopper's  center.  A 
small  oil  seal  (ca.  1  cm  in  length)  was  introduced  into  the  end  of  the  pipette 
of  each  apparatus.  All  three  apparati  were  allowed  to  equilibrate  for  20  min 
before  making  the  initial  reading  which  was  indicated  by  the  position  of  the 
oil  seals  in  the  pipettes.  The  amount  of  O2  uptake  was  measured  over  5  h 
for  both  fuel  treated  and  control  weevils.  The  effect  of  barometric  pressure 
over  5  h  was  subtracted  from  the  test  values. 

Chronic  toxicity  of  fuel  on  fruit  fly  fecundity 

The  chronic  effect  of  fuel  was  evaluated  by  comparing  fruit  fly  fecundity 
in  fuel  treated  and  control  populations  for  several  successive  generations. 
Sublethal  concentrations  of  0.01%  and  0.1%  for  JP-9,  0.01%  for  conventional 
JP-4,  and  0.01%  for  shale  derived  JP-4  were  maintained  in  the  culture  medium. 
Each  fuel  concentration  was  prepared  by  adding  the  amount  of  fuel  required  to 
give  the  desired  concentration  to  300  ml  of  water.  Approximately  250  ml  of 
the  culture  medium  was  added  to  the  300  ml  of  water  containing  the  fuel  and 
stirred  continuously  until  a  semi-solid  consistency  was  obtained.  The  medium 
was  distributed  equally  into  three  250  ml  culture  bottles,  several  grains  of 
yeast  added  to  the  top  of  the  medium  (dietary  requirement  for  adults),  and  the 
bottles  sealed  with  a  cardboard  plug.  Control  culture  bottles  were  prepared 
in  the  same  manner  without  fuel. 

The  first  generation  for  each  fuel  and  its  respective  control  were  started 
from  single  gravid  females  obtained  from  stock  cultures.  After  14  -  20  days, 
comparisons  were  made  between  the  population  size  of  fuel  treated  groups  and 
their  respective  controls  by  using  Student's  t-test.  For  each  subsequent 
generation,  a  freshly  prepared  group  of  culture  bottles  (fuel  treated  and 
controls)  was  prepared  and  inoculated  with  10  gravid  females  from  the 
appropriate  culture  bottles  of  the  preceding  generation  and  mean  population 
comparisons  again  made  using  Student's  t-test.  All  generations  were  main¬ 
tained  at  ambient  RH  and  temperature. 


RESULTS 


Contact  exposure  studies 

Tables  3,  4,  and  5  show  the  12,  24,  36,  48,  72,  and  96  h  LC5g's  of  JP-9, 
conventional  JP-4,  shale  derived  JP-4,  conventional  JP-8,  and  shale  derived 
JP-8  for  rice  weevils,  flour  beetles,  and  lady  beetles  under  ambient  RH  and 
temperature  conditions.  The  most  toxic  fuel  to  all  three  insect  species  was 
shale  derived  JP-8.  Conventional  JP-4  was  least  toxic  to  flour  beetles  and 
lady  beetles.  JP-9,  demonstrated  toxicity  for  the  three  species  intermediate 
to  that  of  JP-8  and  JP-4.  In  all  assays  the  shale  derived  fuels  were  more 
toxic  than  their  conventional  counterparts. 

Table  6  compares  the  contact  LCso's  of  conventional  JP-4  to  a  variety  of 
species  under  ambient  conditions.  A  96  h  exposure  resulted  in  LC5Q 1  s  of 
0.5%  for  earwigs,  5.9%  for  rice  weevils,  18.6%  for  flour  beetles,  23.2%  for 
lady  beetles,  44.5%  for  tenebrionid  beetles,  and  96.7%  for  cockroaches.  These 
results  demonstrate  a  wide  range  of  susceptibility  of  these  six  insect  species 
to  conventional  JP-4,  with  earwigs  being  the  most  susceptible  and  cockroaches 
being  the  least  susceptible. 

The  effect  of  various  RH's  (98,  85,  75,  55,  and  22%)  and  temperatures 
(13°,  23°,  and  33°  C)  on  fuel  toxicity  to  rice  weevils  was  determined. 

The  36  and  96  h  LCsq's  of  JP-9,  conventional  JP-4,  shale  derived  JP-4, 
conventional  JP-8,  and  shale  derived  JP-8  are  given  in  Tables  7  through  12. 
Results  from  JP-9,  conventional  JP-4,  and  conventional  JP-8  indicated  that 
increases  in  toxicity  were  correlated  with  increases  in  temperature,  and 
decreases  in  toxicity  were  correlated  with  decreases  in  RH.  The  toxicity  of 
shale  derived  JP-4  varied  slightly,  independent  of  temperature,  but  increased 
with  decreases  in  RH.  Shale  derived  JP-8  varied  significantly  from  the  other 
fuels,  with  no  observable  interaction  with  temperature  or  RH. 

Residual  toxicity  study 

Table  13  gives  the  LCsq's  for  96  h  exposures  to  JP-9,  conventional  JP-4, 
shale  derived  JP-4,  and  conventional  JP-8  for  rice  weevils  after  the  fuels  had 
been  previously  exposed  to  ambient  atmosphere  for  6,  12,  and  24  h.  Both  JP-4 
fuels  showed  very  little  toxicity  after  most  atmospheric  exposures  with  the 
exception  of  JP-4  (LC50  =  10.5%)  after  6  h  exposure.  Conventional  JP-8 
exhibited  significant  toxicity  throughout  the  range  of  evaporation  times. 

JP-8  LC5q's  of  10.8%,  17.2%,  and  16.3%  were  observed  when  fuel  was  eva¬ 
porated  for  6,  12,  and  24  h,  respectively,  prior  to  contact  with  insects. 

JP-9  exhibited  toxicity  behavior  intermediate  to  that  of  the  other  two  fuels. 
LC5q's  of  46.4%  and  60.5%  were  observed  when  JP-9  was  evaporated  for  6  and 
12  h,  respectively,  prior  to  contact  with  insects.  However,  after  24  h  ev¬ 
aporation,  JP-9  exhibited  no  significant  toxicity. 

Contact  toxicity  to  UV  light  treated  fuels 

Comparisions  of  LCsq's  of  UV  treated  (350  nm  for  8  h)  JP-9,  conventional 
JP-4,  and  shale  derived  JP-4  fuels  for  rice  weevils  and  their  respective 
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controls  were  made.  Even  though  the  UV  treatment  altered  the  color  and  odor 
of  fuels,  no  statistical  differences  (p  =  .05)  in  toxicity  were  observed  in  UV 
treated  versus  control  fuels  in  paired  observation  t-test. 

Injection  study 

Injection  studies  using  JP-9  and  conventional  JP-4  were  performed  on  cock¬ 
roaches.  Both  fuels  had  calculated  LCso's  exceeding  100%  even  at  the 
longest  experimental  time  (96  h).  The  highest  percentage  of  petroleum  derived 
JP-4  (90%)  at  96  h  resulted  in  only  8.3%  mortality.  The  same  volume  and 
concentration  of  JP-9  yielded  25%  mortality  in  the  cockroaches  96  h  after 
injection.  With  an  injection  of  greater  than  7.0  1  (90%  fuel  in  acetone)  of 
either  fuel,  a  number  of  behavioral  characteristics  were  noted.  All  of  the 
injected  females  were  induced  to  abort  egg  cases  which  were  either  non-vi able 
or  produced  nymphs  that  died  shortly  after  emergence.  All  cockroaches 
injected  with  7.0  1  or  more  of  either  fuel  exhibited  a  tendency  to  chew  and 
possibly  eat  the  paper  and  plastic  materials  with  which  they  were  in  contact. 
Lesser  injection  volumes  elicited  no  abnormal  behavior  and  no  mortality  was 
observed. 

Transpiration  rates  in  fuel  treated  rice  weevils 

Rice  weevils  standardized  in  HTO  at  98%  RH  and  23°C  were  placed  in 
contact  with  conventional  JP-4  (cone.  48  h  I.C50)  and  tritium  loss  was 
measured  at  various  relative  humidities  and  temperatures.  The  calculated 
regression  lines  are  given  in  Figures  1,2,  and  3.  There  were  no  statistical 
differences  in  the  transpiration  rates  of  fuel  treated  and  control  rice 
weevils  at  each  RH  and  temperature. 

The  same  procedure  was  used  to  evaluate  the  effect  of  a  higher  con¬ 
centration  of  conventional  JP-4  (concentration  48  h  LC50)  on  the 
transpiration  rate  of  rice  weevils  at  three  relative  humidities  (98,  65,  and 
22%)  at  23°C.  The  calculated  regression  lines  are  shown  in  Figure  4.  There 
were  no  statistical  differences  in  the  rate  constants  obtained  from  the  fuel 
treated  (higher  concentration)  and  control  rice  weevils  held  at  any  of  the  RHs 
at  23°C  (Figure  5).  The  effect  of  shale  derived  JP-4  (concentration  48  h 
LC50)  on  the  transpiration  rate  of  rice  weevils  at  three  relative  humidities 
(98,  75,  and  22%)  at  23°C  was  tested  using  the  calculated  regression  line  is 
shown  in  Figure  6.  Again  there  were  no  statistical  differences  in  the  rate 
constants  obtained  from  the  shale  derived  JP-4  treated  and  control  rice 
weevils  held  at  any  of  the  RHs  at  23°C. 

Passive  water  sorption  in  fuel  treated  rice  weevils 

Figure  7  shows  the  approach  to  equilibrium  of  mean  tritium  content  of  rice 
weevils  previously  treated  with  conventional  JP-4  and  their  controls  held  in 
tritiated  atmospheres  maintained  at  22  and  98%  RH  and  23°C.  There  were  no 
statistical  differences  between  fuel  treated  rice  weevils  and  control  rate 
constants  at  either  relative  humidity. 


16 


Metabolic  rates  of  fuel  treated  rice  weevils 


Table  15  gives  metabolic  rates  (yl  02/h/weevil)  of  rice  weevils  sub¬ 
jected  to  a  contact  exposure  of  conventiona  JP-4  (concentration  <  48  h 
LC50).  The  metabolic  rates  of  the  fuel  treated  rice  weevils  and  controls 
were  measured  at  12,  48,  and  72  exposure.  There  appeared  to  be  a  significant 
difference  between  fuel  treated  rice  weevils  and  control  metabolic  rates  at  12 
h  exposure  since  the  fuel  treated  weevils  had  a  metabolic  rate  24%  greater 
than  the  control.  No  significant  differences  were  observed  after  48  and  72  h 
exposures. 

Chronic  toxicity  of  fuel  on  fruit  fly  fecundity 


The  effects  of  a  variety  of  fuels  on  fruit  fly  fecundity  were  evaluated  by 
comparing  numbers  of  fruit  flies  from  fuel  treated  culture  bottles  for  a 
number  of  successive  generations  (Table  16).  Sublethal  concentrations  of 
0.01%  and  0.1%  JP-9,  0.01%  conventional  JP-4,  and  0.01%  shale  derived  JP-4 
were  maintained  in  the  culture  medium.  Controls  consisting  of  medium  with  no 
fuel  were  run  at  each  generation.  Fruit  fly  populations  in  0.01%  JP-9  showed 
statistical  differences  from  the  control  in  the  second,  third,  and  fourth 
generations  while  statistical  differences  in  the  third,  fourth,  fifth,  and 
tenth  generations  were  observed  in  populations  maintained  in  0.1%  JP-9.  A 
concentration  of  0.01%  conventional  JP-4  produced  statistically  different 
fruit  fly  population  numbers  from  the  control  in  the  third,  fourth,  fifth,  and 
sixth  generations.  Medium  containing  0.01%  shale  derived  JP-4  yielded 
statistically  different  fruit  fly  populations  from  the  control  in  the  third 
and  sixth  generations. 
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DISCUSSION 


Toxicity  of  jet  fuel  varieties  to  insects 


Differential  toxicity  of  various  fuels  to  terrestrial  insects  was  demon¬ 
strated  in  this  study.  Different  fuel  mixtures  and  their  derivatives  had 
varying  toxicities  for  single  insect  species.  JP-8  fuels  were  the  most  toxic 
for  rice  weevils  and  flour  beetles  while  JP-9  was  the  most  toxic  for  lady 
beetles.  JP-4  fuels  were  the  least  toxic  to  the  three  insect  species.  This 
order  of  jet  fuel  toxicity  can  be  related  to  physicochemical  characteristics. 
JP-4  and  JP-8,  mixtures  of  various  hydrocarbons,  have  similar  properties 
relative  to  military  specifications  which  require  that  they  not  exceed  con¬ 
centrations  of  25%  aromatics  and  5%  olefins.  However,  JP-8  is  composed  of 
higher  boiling  aromatics.  This  might  provide  one  explanation  for  the 
increased  toxicity  of  JP-8.  JP-9  was  the  most  toxic  fuel  for  lady  beetles 
while  it  fell  between  JP-4  and  JP-8's  toxicity  for  rice  weevils  and  flour 
beetles.  This  variability  in  toxicity  may  be  due  to  the  different  chemical 
nature  of  the  fuel.  While  JP-8  and  JP-4  are  composed  primarily  of  aliphatic 
hydrocarbons,  JP-9  is  composed  of  only  three  components  of  which  only  methyl- 
cyclohexane  is  highly  volatile.  It  is  commonly  observed  that  aromatic 
compounds  are  generally  more  toxic  than  aliphatic  substances.  However,  when 
aromatic  compounds  of  high  molecular  weight  are  considered,  the  toxicities  may 
be  reduced  to  those  of  very  long  chained  or  branched  aliphatics.  This  obser¬ 
vation  on  the  two  fuels'  chemical  structure  may  account  for  JP-9 1  s  toxicity 
being  slightly  above  or  just  below  the  toxicity  of  JP-8  for  the  insects  used 
in  this  study. 

A  factor  that  affects  the  toxicity  of  fuel  is  the  ability  to  penetrate  the 
insect  cuticle.  Hurst  (1940)  has  shown  that  kerosene  alone  could  not  readily 
penetrate  blow  fly  larvae  cuticle,  but  when  mixed  with  ethyl  alcohol,  entry 
into  the  insect  was  accelerated.  Beament  (1945)  proposed  that  the  best 
penetration  would  be  obtained  from  a  compound  having  the  most  suitable 
combination  of  hydrophilic  and  lipophilic  characteristics.  Relating  this 
concept  to  the  toxicity  of  fuels  may  be  difficult  since  the  exact  chemical 
composition  of  JP-4  or  JP-8  is  not  known.  However,  limited  amounts  of 
hydrophilic  compounds  in  jet  fuels  may  increase  their  toxicity. 

Another  difference  that  affected  the  toxicity  was  fuel  source.  Petroleum 
and  shale  derivatives  existed  for  both  the  JP-4  and  JP-8.  The  petroleum  fuels 
were  obtained  from  refining  conventional  crude  oils  from  different 
geographical  locations.  The  shale  derivatives  were  obtained  by  recently 
developed  procedures  which  extract  petroleum  components  from  shale.  From  the 
contact  toxicity  data,  the  shale  derivatives  of  each  fuel  type  were  more  toxic 
than  their  petroleum  derived  counterparts.  Since  the  procedures  for  shale 
extraction  are  recent  and  not  fully  developed,  the  products  obtained  are  not 
identical  to  petroleum  products  obtained  from  well  developed  refining 
processes.  The  increased  toxicity  of  shale  fuels  may  be  due  to  the  presence 
of  additional  hydrocarbons  or  other  compounds  that  are  not  removed  in  the 
shale  extraction  technique  and  that  are  not  found  in  the  petroleum  derived 
fuels. 


The  toxicity  of  JP-9  and  petroleum  derived  JP-4  were  compared  in  an 
injection  study  with  cockroaches.  Both  fuels,  even  at  extremely  high  con¬ 
centrations,  caused  only  25-30%  mortality.  It  is  interesting  to  note  that 
fuels  of  very  different  chemical  compositions  showed  a  similar  toxic  effect 
when  introduced  into  an  insect  by  injection.  These  results  parallel  the 
experimental  results  of  Gerolt  (1969)  who  applied  a  non-pol ar  insecticide 
(dieldrin)  into  the  abdominal  cavity  of  a  house  fly.  After  1  h  with  a  dose  of 
.012  g  there  was  no  toxic  effect;  however,  a  dose  of  .009  yg  in  the  thorax 
picked  up  from  a  surface  deposit  produced  a  50%  knockdown  in  the  same  time. 

It  is  possible  that  the  haemolymph  could  transport  the  highly  lipophilic  fuels 
to  a  storage  sink  such  as  the  abundant  fat  body  present  in  the  cockroach 
before  the  fuel  reaches  the  site  of  toxic  action.  Even  though  no  significant 
acute  toxicity  was  observed,  certain  abnormal  behavioral  characteristics  were 
noted  when  either  of  the  fuels  was  injected  at  high  concentrations.  Egg  case 
abortion  was  commonly  observed.  The  stress  of  injection  of  a  large  amount  of 
material  and  also  the  nature  of  the  material  may  be  responsible  for  this 
behavior. 

Variability  of  single  fuel  toxicity  to  a^  variety  of  insects 

The  toxicity  of  conventional  JP-4  varied  in  different  insect  species  is 
shown  in  Table  6.  The  ranking  of  increased  insect  susceptibility  to  the  fuel 
was  cockroach<tenebrionid  beetledady  beetle<flour  beetle<rice  weevil<earwig. 
It  is  apparent  that  the  toxicity  of  this  fuel  is  not  solely  related  to  the 
body  size  of  the  organism.  If  the  toxicity  of  the  fuel  for  insects  was  based 
on  body  size  the  toxicity  of  the  fuel  for  earwigs  would  approximate  the 
toxicity  for  lady  beetles  and  the  toxicity  of  the  fuel  for  rice  weevils  and 
flour  beetles  would  be  approximately  the  same.  The  results  indicated, 
however,  that  rice  weevils  were  significantly  more  susceptible  to  JP-4  than 
flour  beetles.  Other  explanations  must  be  explored  to  explain  the  resulting 
relative  susceptibilities. 

Chemical  composition  of  insect  cuticle  may  be  critical  in  determining  the 
toxic  effect  of  fuel  since  this  is  the  initial  site  of  contact  in  topical 
application.  Insect  cuticle  is  typically  composed  of  varying  amounts  of 
hydrocarbons,  fatty  acids,  alcohols,  alkyl  esters,  aldehydes,  sterols,  sterol 
esters,  glycerides,  and  phospholipids.  Hydrocarbons  may  provide  an 
explanation  for  the  relative  toxicities  of  fuel  observed  between  insect 
species.  The  hydrocarbons,  which  are  synthesized  from  fatty  acids,  play  a 
major  role  in  water-proofing  the  insect  cuticle  and  also  serve  as  sex 
pheromones,  kairomones,  and  defensive  compounds.  Cuticular  hydrocarbons  vary 
significantly  in  structure  and  amount  by  species.  Hydrocarbons  comprise  at 
least  50%  of  cuticle  compounds  and  may  be  as  high  as  90%  in  cockroaches.  They 
consist  of  hydrocarbons  twenty  to  fifty  carbons  in  length  (Gil by  and  Cox 
1963).  The  rate  of  penetration  of  a  non-polar  substance  may  be  directly 
related  to  the  hydrocarbon  content  of  the  cuticle.  Non-polar  and  lipophilic 
compounds  do  not  readily  pass  the  cuticle  (Brooks,  1976).  This  inverse 
relationship  between  lipophilicity  and  penetration  through  the  cuticle  may  be 
due  to  saturation  of  the  cuticular  wax  layer  with  the  toxicant  (Olson  and 
O'Brien,  1963).  Saturation  of  the  toxicant  in  the  wax  layer  results  from  the 
inability  of  the  toxicant  to  partition  into  the  more  polar  components  of  the 
inner  layers  of  the  cuticle.  It  is  possible  that  the  higher  concentrations  of 
hydrocarbons  found  in  some  insect  cuticles  can  act  as  primary  sinks  for 
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non-polar  toxicants  since  these  toxicants  would  have  a  great  affinity  for  the 
hydrocarbons  present.  Thus,  "greater  amounts  of  non-polar  toxicants  would  be 
required  to  saturate  the  cut'ic'ular  wax  layer  and  a  higher  concentration 
gradient  of  toxicant  could  be  attained  between  the  wax  and  lower  cuticular 
layers.  t, 

Further  evidence  supporting  the  retention  of  non-polar  compounds  in  the 
integument  is  the  occurrence  of  lateral  movement  of  many  non-polar  chemicals 
such  as  insecticides  throughout  the  insect  integument  (Gerolt,  1969,  1970, 
1972;  Lewis,  1962,  1965).  When  DDT-^c  in  benzene  was  applied  to  the 
mesonotum  of  a  house  fly,  the  wax  layer  was  removed  at  the  point  of  contact 
and  it  was  surmised  that  the  DDT,  after  entering  the  epicuticular  wax  layer  at 
the  edges  of  the  opening  left  by  the  benzene  traveled  throughout  the  insect 
via  this  layer  (Quraishi  and  Poonawalla,  1969).  Therefore,  any  non-polar 
toxicant  must  first  be  distributed  throughout  the  wax  layer  and  this  may 
provide  a  site  of  interaction  with  the  naturally  occurring  hydrocarbons. 

Higher  concentrations  of  hydrocarbons  found  in  the  cuticlar  wax  layer  of  some 
insects  would  provide  a  valid  explanation  to  their  reduced  susceptibility  to 
non-polar  compounds  and  would  also  support  the  results  obtained  in  this 
investigation.  The  large  amounts  of  naturally  occurring  hydrocarbons  in  the 
cockroach  would  therefore  make  this  insect  the  least  affected  by  non-polar 
compounds  such  as  fuels. 

This  above  statement  was  supported  by  additional  experimental  findings. 

The  reduced  susceptibility  to  the  jet  fuel  of  flour  beetles  versus  rice 
weevils  could  be  explained  by  the  greater  variety  and  amount  of  certain 
hydrocarbons  present  in  flour  beetles.  Flour  beetles  contain  hydrocarbons 
which  function  as  sex  pheromones  and  also  contain  a  significant  amount  of 
1-pentadecene  which  functions  as  a  surfactant  facilitating  the  absorption  of 
defensive  quinones  by  predators  (Nelson,  1978).  An  experiment  was  performed 
in  which  ether  extractions  of  whole  insect  cuticles  were  separated  by  thin 
layer  chromatography  (TLC)  using  silica  gel  and  a  solvent  system  of  petroleum 
ether  and  diethyl  ether  (95:5).  After  development  of  the  TLC  plates  in  iodine 

vapor,  the  flour  beetle  extract  showed  one  more  component  than  the  rice  weevil 

extract.  Examination  of  the  TLC  separation  of  earwig  cuticular  components 
showed  the  absence  of  a  substance  present  in  all  the  other  insects  analyzed. 

By  the  nature  of  the  solvent  system  and  the  location  on  the  TLC  plate,  this 
compound  or  group  of  compounds,  absent  in  earwigs,  would  be  hydrocarbon  in 

nature.  If  lower  hydrocarbon  contents  in  the  insect  cuticle  are  indeed 

responsible  for  increased  toxicity  to  fuels  then  the  earwig  should  be  very 
susceptible  to  these  xenobiotics.  This  is  exactly  what  was  found  in  this 
study.  Lady  beetle  extract  after  TLC  separation  showed  13  isolated 
components.  However,  the  majority  of  these  compounds  by  their  position  on  the 
TLC  plate  would  be  slightly  polar  in  nature  and  possibly  be  comprised  of  fatty 
acids,  alcohols,  nitrogen  defensive  compounds,  etc.  Hydrocarbon  components 
were  present  and  were  similar  to  the  components  separated  for  the  other 
insects  analyzed  with  the  exception  of  earwigs.  Other  factors,  possibly  even 
the  body  size,  might  be  responsible  for  the  lady  beetle's  susceptibility  to 
fuel  falling  between  that  of  flour  beetles  and  tenebrionid  beetles.  Since  the 
TLC  method  was  qualitative  in  nature,  the  amount  of  hydrocarbons  present  in 
each  insect  could  not  be  ascertained  directly.  This  made  it  difficult  to 
explain  the  relative  low  susceptibility  of  tenebrionid  beetles  to  fuels  since 
their  hydrocarbon  components  were  similar  to  those  of  lady  beetles  and  flour 
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beetles.  However,  it  is  possible  that  tenebrionid. beetles  may  have  greater 
cuticular  hydrocarbon  content  than  these  previously  mentioned  insects.  In 
addition,  the  physical  characteristics  of  the  wax'iflayer  may  be  influential  in 
lowering  the  susceptibility  of  tenebrionid  beetles  to  fuel.  Insects  with 
harder  waxes,  waxes  with  higher  molecular  weights,  and  waxes  with  higher 
melting  points,  have  cuticles  with  greater  impermeability  (Beament,  1976). 
Beetles  such  as  tenebrionids  have  these  characteristics. 

Effect  of  various  environmental  parameters  on  fuel  toxicity 

Evaporation  appears  to  play  a  critical  role  in  the  relative  toxicities  of 
fuels  for  insects.  When  JP-9,  conventional  JP-8,  conventional  JP-4,  and  shale 
derived  JP-4  were  evaporated  for  6,  12,  and  24  h  before  introduction  of 
insects,  the  toxicities  were  all  greatly  reduced  with  the  exception  of  JP-8. 

It  was  evident  that  volatiles  in  JP-9  and  JP-4  were  the  major  components 
responsible  for  these  fuels'  toxicity.  In  contrast,  the  residual  component  of 
JP-8  still  imparts  a  significant  toxicity.  It  is  possible  that  the  relatively 
toxic  residual  component  of  JP-8  may  be  responsible  for  JP-8  being  the  most  , 
toxic  fuel  to  the  majority  of  the  insects  studied.  When  JP-4  and  JP-9  are 
accidentally  introduced  on  the  surface  of  the  soil,  their  toxicity  may  greatly 
be  reduced  by  evaporation. 

No  significant  difference  was  noted  between  UV  (350  nm)  treated  and 
untreated  fuels  even  though  UV  altered  the  appearance.  Temperature  and 
relative  humidity  appeared  to  affect  the  toxicity  of  fuels  although  these 
effects  were  variable.  With  an  increase  in  temperature,  JP-9,  conventional 
JP-4,  and  conventional  JP-8  were  more  toxic.  An  increase  in  temperature 
imparts  changes  in  the  cuticle  which  increase  permeability  and  possible 
susceptibility  to  fuel.  With  any  increase  in  temperature  a  subsequent 
increase  in  respiration  results  which  increases  the  opening  of  the  spiracles 
(Koidsumi,  1934).  If  the  entry  of  these  fuels  occurs  through  the  tracheal 
system  then  increased  opening  of  the  spiracles  would  increase  the  exposure  to 
these  substances.  Additionally,  with  increasing  metabolic  rates  induced  by 
higher  temperatures,  a  possible  shortage  of  oxygen  available  for  detoxifying 
enzyme  systems  could  increase  the  toxic  effect  of  a  fuel.  The  insignificant 
effect  of  increasing  temperatures  on  the  toxic  action  of  the  shale  derived 
JP-4  and  JP-8  fuels  cannot  be  fully  explained.  It  was  interesting  that  a 
constant  toxicity  is  observed  throughout  the  temperature  range  for  the  fuels 
of  shale  origin.  Whether  a  correlation  exists  between  the  derivation  of  the 
fuel  and  the  temperature  effects  on  toxicity  was  not  shown. 

There  was  a  significant  effect  of  relative  humidity  on  the  toxic  action  of 
fuels;  however,  similar  to  temperature,  the  effect  was  variable  for  different 
fuels.  When  relative  humidity  did  have  an  effect,  the  increased  toxicity  was 
observed  at  lower  RH's.  This  was  observed  in  JP-9,  conventional  JP-4,  shale 
derived  JP-4,  and  conventional  JP-8.  Fluctuating  metabolic  rates  cannot  be 
used  as  a  valid  explanation  of  observed  results  since  metabolic  rates  are 
independent  of  relative  humidity  (Arlian,  1979).  Another  phenomenon  to 
explain  the  results  could  reside  in  the  amount  of  water  vapor  present  at  a 
particular  humidity.  The  presence  of  water  molecules  in  the  air  increases  as 
relative  humidity  increases.  As  the  amount  of  water  molecules  increases,  the 
probability  for  impingment  onto  a  surface  also  increases.  Since  the  toxicity 
of  the  fuel  is  dependent  on  actual  contact  with  the  surface  cuticle,  any 


21 


competition  resulting  from  f:jie  presence  of  water  molecules  might  reduce  the 
toxic  effect  of  the  fuel.  Fpr.the  majority  of  fuels  this  is  what  was 
observed.  At  the  higher  RH's  where  higher  concentrations  of  water  molecules 
were  present,  the  toxic  action  of  the  fuel  was  reduced.  This  phenomenon  could 
occur  not  only  at  the  insect's  wax  layer  but  also  in  other  cuticular  layers 
where  spatial  competition  between  fuel  and  water  molecules  might  result.  This 
trend  was  not  observed  for  shale  derived  JP-8.  The  apparent  lack  of  effect  of 
relative  humidity  on  the  toxicity  of  shale  derived  JP-8  cannot  be  fully 
explained.  However,  it  is  apparent  that  environments  with  lower  relative 
humidities  might  enhance  the  toxicity  of  most  fuels. 

Effect  of  fuels  on  insect  transpiration  and  sorption 


The  environmental  parameters  previously  discussed  give  some  initial 
possibilities  to  the  mechanism  of  action  of  refined  fuels.  To  further  under¬ 
stand  the  action  of  fuels  on  insects,  their  effects  were  ascertained  on 
transpiration  and  passive  water  sorption.  For  an  acute  toxic  effect  to  occur 
via  one  of  these  water  balance  mechanisms,  the  integrity  of  the  cuticle  must 
be  disrupted  in  some  manner.  It  is  commonly  accepted  that  dusts  such  as 
silica  gel,  fluorasil,  activated  charcoal,  etc,  cause  desiccation  in  treated 
insects  (Matsumura,  1975).  The  disruption  of  the  cuticle  occurs  by  physical 
abrasion  or  absorption  of  water  and  lipids  by  the  dusts.  From  the  experiments 
performed  in  this  study  there  were  no  differences  in  transpiration  rates 
between  conventional  JP-4  treated  and  control  groups  at  a  range  of  temper¬ 
atures  (130,  230,  and  330C),  RH  (98,  75,  and  22%),  and  two  fuel  con¬ 
centrations  (one  above  and  one  below  a  48  h  contact  LC50).  This  was  the 
same  result  as  in  a  similar  experiment  using  shale  derived  JP-4  treated 
insects  (concentration  <  48  h  contact  LC50)  held  at  23°C.  The  similarity 
in  transpiration  rates  between  fuel  treated  and  control  insects  implies  the 
integrity  of  the  insect  cuticle  exposed  to  fuel  remains  intact  over  all  the 
parameters  of  temperature,  RH,  and  fuel  concentration.  Also,  the  difference 
in  fuel  derivation,  i.e.  shale  or  petroleum,  had  no  effect  on  altering  the 
insect  cuticle.  The  results  of  the  passive  sorption  study  also  agree  with  the 
view  that  fuel  does  not  disrupt  the  integrity  of  the  insect  cuticular 
membranes.  The  passive  sorption  study  compared  sorption  rate  constants  of 
conventional  JP-4  treated  (concentration  <  48  h  LC50)  and  control  insects  at 
both  high  and  low  RH.  The  rate  constants  were  not  significantly  different  at 
either  relative  humidity.  The  combined  results  from  the  transpiration  and 
sorption  studies  indicate  that  the  hydrocarbon  nature  of  fuels  did  not  cause 
disruptive  damage  to  the  insect  cuticle.  Apparently  hydrocarbons  from  jet 
fuels  can  coexist  with  the  hydrocarbons  already  present  in  the  epicuticular 
wax  layer.  It  is  also  possible  that  the  fuel  can  pass  the  cuticle  and  reach 
the  site  of  toxic  action  without  any  disruption  in  integumentary  mechanisms. 

Effect  of  fuels  on  metabolic  rate 

The  effect  of  fuels  on  the  metabolic  rate  served  to  provide  additional 
explanations  to  the  possible  mechanisms  of  their  toxicity.  The  rate  of  oxygen 
consumption  in  fuel  treated  rice  weevils  was  significantly  higher  in  fuel 
treated  individuals  at  12  h  post  contact  .  However,  with  increasing  exposure 
time  the  metabolic  rate  approximated  the  controls.  The  presence  of  fuel  was 
probably  responsible  for  the  increased  metabolic  rate  initially  observed. 
Insects  contain  a  highly  developed  microsomal  oxidase  system  (Nakatsugawa  and 
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More  111,  1976;  and  Matsumura,  1975).  It  is  possible  that  the  increased 
respiration  rate  satisfies  the  requirement  for  additional  oxygen  for  the 
microsomal  enzymes  response  to  fuel.  The  classic  view  of  xenobiotic 
distribution  in  insects  would  be  supported  by  evidence  showing  enzymes  in  the 
fat  body  being  the  primary  cause  of  increased  metabolic  rates.  This  view, 
supported  by  Wigglesworth  (1945)  and  others  states  tlirat  the  major  transport  of 
a  xenobiotic  is  through  the  hemolymph.  The  hemolymph  would  provide  an 
efficient  medium  to  transport  a  substance  from  the  external  integument  to  a 
site  of  high  emzymatic  activity  such  as  the  fat  body.  It  is  possible  that  the 
enzymes  present  in  both  areas  are  equally  important  in  their  responses  to 
fuel.  With  increased  exposure  times  the  metabolic  rate  of  fuel  treated 
insects  approached  a  normal  condition.  This  reversion  of  metabolic  rate  of 
fuel  treated  insects  may  arise  from  an  inability  to  maintain  abnormally  high 
metabolic  rates.  Interestingly,  the  return  to  normal  metabolic  rates 
coincided  with  exposure  times  where  fuels  exhibited  increased  toxicity.  This 
could  partially  explain  why  some  fuels  initially  exhibited  high  LC50  values 
but  showed  sharp  reduction  in  LC50 ' s  with  increased  exposure  times. 

Chronic  toxicity  to  fruit  fly  fecundity 


There  appeared  to  be  an  effect  of  fuels  on  fruit  fly  fecundity;  however, 
the  exact  nature  of  this  effect  is  not  clear.  There  were  a  number  of  problems 
associated  with  this  experiment,  primarily  the  lack  of  a  suitable  sample 
size.  Only  three  replications  could  be  used  to  obtain  a  mean  population 
size.  The  effectiveness  of  the  t-test  was  greatly  reduced  because  of  large 
standard  deviations  resulting  from  great  variability  in  population  numbers 
within  sample  groups.  These  problems  may  hinder  a  true  estimation  of  the 
chronic  effects  .  Generally,  when  a  difference  in  the  fuel  treated  population 
resulted  it  occurred  in  the  earlier  generations  and  statistical  differences 
were  more  notable  in  smaller  fruit  fly  populations.  Increased  fuel  con¬ 
centration  (  0.1%  JP-9  vs  0.01%  JP-9)  caused  no  differences  in  earlier 
generations.  In  fact,  the  higher  JP-9  concentration  produced  statistical 
differences  in  population  numbers  at  generation  times  later  than  the  lower 
JP-9  concentration  did.  The  effect  of  conventional  JP-4  approximated  the 
effect  of  the  higher  concentration  of  JP-9.  It  does  not  appear  that  there 
were  any  significant  differences  in  the  effects  exerted  by  conventional  JP-4 
or  JP-9.  There  appeared  to  be  a  difference  between  the  shale  derived  and 
conventional  JP-4  fuels.  In  contrast  to  conventional  JP-4,  there  was  no 
apparent  trend  observed  in  the  results  obtained  from  shale  derived  JP-4.  The 
effect  of  sublethal  concentrations  of  jet  fuel  to  individual  life  stages  of 
the  fruit  fly  might  provide  further  clues  on  their  chronic  effects.  However, 
using  fruit  flies  as  a  model,  it  would  appear  that  sublethal  concentrations  of 
a  jet  fuel  introduced  into  an  environment  would  have  little  or  no  adverse 
effect  on  the  insect  population  dynamics. 
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SUMMARY 


The  toxicity  of  a  variety  of  Air  Force  fuels  to  a  number  of  terrestrial 
insects  showed  the  following: 


1.  There  was  significant  toxicity  of  fuels  to  terrestrial 
insects. 

2.  JP-8  was  the  most  toxic  fuel  to  most  of  the  insects  used  in 
this  study. 

3.  Shale  derived  fuels  were  more  toxic  than  conventional  fuels. 

4.  There  was  a  varied  toxic  response  of  insect  species  to  a  singl 
fuel  type. 

5.  Injection  of  fuels  in  cockroaches  induced  stress 
but  no  significant  acute  toxicity. 

6.  Evaporation  of  fuel  significantly  reduced  toxicity 
with  the  exception  of  JP-8. 

7.  UV  irradiation  did  not  alter  the  fuel. 

8.  Increased  temperature  or  reduced  relative  humidity  increased 
the  toxicity  of  most  fuels. 

9.  There  appeared  to  be  a  positive  correlation  between  higher  con 
centrations  of  cuticular  hydrocarbons  and  decreased 
susceptibility  to  fuel. 

10.  Fuel  had  no  significant  effect  on  insect  transpiration  or  sorp 
tion.  Fuel  did  not  appear  to  disrupt  the  integrity 

of  the  insect  cuticle. 
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TABLE  1.  COMPARISON  OF  SOME  SELECTED  MIL  SPEC  REQUIREMENTS  FOR 

JP-4  AND  JP-8 


Distillation  temp  °C 

Initial  B.P. 

JP-4 

JP-8 

10%  recovery 

— 

204 

End  point,  max  temp 

270 

300 

Aromatics,  vol  %,  max 

25 

25 

Olefins,  vol  %,  max 

5 

5 

Sulfur,  total  wt  %,  max 

0.4 

0.4 

Sulfur  mercaptan,  wt  % 

0.001 

0.001 

Hydrogen  content,  wt  % 

13.6 

— 

Freezing  point  °C 

-58 

-50 

Density,  kg/m3  at  15°C,  min 

0.751 

0.775 

max 

0.802 

0.840 

Flashpoint,  °C,  min 

— 

38 

Source: 


JP-8  MIL-T-83113,  Turbine  Fuel,  Aviation,  Kerosene 
JP-4  MIL-T-56246,  Turbine  Fuel,  Aviation 


25 


Table  1.  Toxicity  testing  of  oils  which  show  lethal  effects 
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TABLE  3.  LC50 1  s  and  95%  confidence  intervals  (%  fuel  in  acetone)  of  JP-9,  conventional  OP-4  (JP-4P) , 

shale  derived  JP-4  (JP-4S),  conventional  JP-8  (0P-8P),  and  shale  derived  JP-8  (JP-8S)  for  rice 
weevils  for  various  contact  exposure  times  and  maintained  at  55%  RH  and  23°  C. 
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a  greater  than  20%  mortality  in  the  controls 
b  only  one  concentration  of  fuel  with  mortality  less  than  100% 
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greater  than  20%  mortality  in  the  controls 


TABLE  5.  LC5q's  and  95%  confidence  intervals  (%  fuel  in  acetone)  of  JP-9,  conventional  OP-4  (JP-4P),  shale 
derived  JP-4  (JP-4S),  conventional  JP-8  (JP-8P),  and  shale  derived  JP-8  (JP-8S)  for  lady  beetles 
at  various  contact  exposure  times  and  maintained  at  55%  RH  and  23°  C. 
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greater  than  20%  mortality  in  the  controls 
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LC50  greater  than  100 


TABLE  7.  LC5o's  and  95%  confidence  intervals  (%  fuel  in  acetone) 

of  JP-9  for  rice  weevils  at  36  and  96  h  contact  exposures 
under  various  relative  humidities  and  temperatures. 


36  H  EXPOSURE 

TIME 

TEMPERATURE 

RH 

130  C 

230  c 

330  c 

98% 

26.3 

25.4-27.1 

15.2 

14.7-15.7 

8.7 
8.4-9. 0 

85% 

23.1 

22.2-24.1 

17.6 

16.9-18.2 

13.2 

12.9-13.6 

75% 

21.0 

20.5-21.4 

16.7 

15.8-17.6 

10.1 

9.7-10.5 

55% 

7.6 

7. 3-8.0 

11.5 

10.7-12.3 

_ a 

22% 

_ a 

5.9 

5. 4-6. 4 

_ a 

96  H  EXPOSURE 

TIME 

TEMPERATURE 

RH 

13°  C 

23^~c 

330  c 

98% 

17.5 

17.1-17.8 

13.6 

12.0-15.5 

6.4 

6. 1-6. 7 

85% 

17.7 

17.4-18.0 

11.8 

11.2-12.4 

7.0 

6.7-7 .4 

75% 

15.3 

14.6-16.0 

17.6 

16.0-19.4 

6.7 

6. 3-7.1 

55% 

a 

_ a 

_ a 

22% 

a 

_ a 

_ u  a 

a  greater  than  20%  mortality  in  the  controls 
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TABLE  8.  LCso's  and  95%  confidence  intervals  (%  fuel  in  acetone) 

of  petroleum  derived  JP-4  for  rice  weevils  at  36  and  96  h 
contact  exposures  under  various  relative  humidities  and 
temperatures. 


36  H  EXPOSURE  TIME 

TEMPERATURE 


RH 

13°  c 

230  c 

330  c 

98% 

26.5 

25.7-27.4 

18.3 

16.7-20.1 

11.2 

10.7-11.7 

85% 

75.2 

68.8-82.2 

19.9 

18.9-21.0 

7.3 

6. 9-7. 6 

75% 

39.6 

37.4-42.0 

23.3 

22.1-24.6 

6.5 

6. 4-6. 6 

55% 

10.1 

9.8-10.5 

14.1 

13.7-14.6 

_ a 

22% 

7.1 

6. 9-7. 3 

5.9 

5. 4-6. 4 

2.5 

2. 4-2. 7 

96  H  EXPOSURE 

TIME 

TEMPERATURE 

RH 

13°  C 

230  c 

330  c 

98% 

16.1 

15.7-16.6 

12.2 

11.7-12.7 

_ a 

85% 

18.1 

17.4-18.8 

14.6 

13.8-15.3 

_ a 

75% 

13.7 

13.2-14.3 

14.9 

14.3-15.5 

_ a 

55% 

_ a 

5.9 

5.6-6 . 1 

_ a 

22% 

_  a 

_ a 

_ a 

a  greater  than  20%  mortality  in  the  controls 
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TABLE  9.  LC5o's  and  95%  confidence  intervals  (%  fuel  in  acetone) 
of  shale  derived  JP-4  for  rice  weevils  at  36  and  96  h 
contact  exposures  under  various  relative  humidities  and 
temperatures. 


36  H  EXPOSURE 

TIME 

13°  C 

TEMPERATURE 

330  c 

RH 

23u  C 

98% 

17.0 

T6.3-17.7 

17.4 

17.0-17.8 

20.0 

19.3-20.7 

85% 

19.6 

18.7-20.4 

12.2 

11.7-12.7 

15.1 

14.9-15.3 

75% 

14.5 

13.9-15.2 

11.0 

10.4-11.7 

13.5 

13.2-13.8 

55% 

7.1 

6. 9-7.3 

12.3 

12.0-12.5 

_ a 

22% 

3.4 

3. 3-3.6 

5.9 

5. 4-6. 4 

4.1 

3. 9-4. 3 

96  H  EXPOSURE 

TIME 

TEMPERATURE 

RH 

13°  C 

230  c 

330  c 

98% 

11.6 

11.2-12.0 

12.8 

11.8-14.0 

_ a 

85% 

13.2 

12.7-13.7 

5.3 

5. 2-5.4 

_ a 

75% 

7.5 

7 .0-8.0 

a 

_ a 

55% 

_ a 

_ a 

_ a 

22% 

a 

_ a 

. a 

a  greater  than  20%  mortality  in  the  controls 
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TABLE  10.  LC5q's  and  95%  confidence  intervals  (%  fuel  in  acetone) 

of  petroleum  derived  JP-8  for  rice  weevils  at  36  and  96  h 
contact  exposures  under  various  relative  humidities  and 
temperatures. 


36  H  EXPOSURE  TIME 


TEMPERATURE 

RH 

13°  C 

330  c 

98% 

16.3 

15.4-17.2 

71.0 

59.2-85.1 

10.2 

10.0-10.5 

85% 

13.1 

12.1-14.1 

24.8 

22.8-27.0 

8.0 

7. 7-8. 3 

75% 

16.2 

15.5-17.0 

35.8 

32.7-39.1 

9.0 

8. 8-9. 2 

55% 

★ 

4.5 

4. 2-4. 7 

* 

22% 

* 

14.3 

13.6-15.1 

* 

96  H  EXPOSURE 

TIME 

TEMPERATURE 

RH 

130  C 

23^~C 

330  c 

98% 

9.7 

9.4-10.1 

13.1 

12.4-13.9 

_ a 

85% 

5  9 

5. 6-6. 2 

8.4 

7. 9-8. 9 

_ a 

75% 

6.6 

6. 3-7.0 

12.1 

11.5-12.8 

_ a 

55% 

* 

_ a 

* 

22% 

* 

a 

* 

a  greater  than  20%  mortality  in  the  controls 
*  experiment  not  performed  at  these  conditions 
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TABLE  11.  LCso's  and  95%  confidence  intervals  (%  fuel  in  acetone) 
of  shale  derived  JP-8  for  rice  weevils  at  36  and  96  h 
contact  exposures  under  various  relative  humidities  and 
temperatures. 


36  H  EXPOSURE 

TIME 

13°  C 

TEMPERATURE 

33°  C 

RH 

'2  3U  C 

98% 

11.3 

11.1-11.6 

13.5 

12.9-14.0 

9.9 

9.5-10.4 

85% 

10.4 

10.0-10.7 

11.9 

11.5-12.4 

10.8 

10.6-11.1 

75% 

9.8 

9.5-10.0 

11.0 

10.6-11.5 

10.8 

10.6-11.0 

55% 

b 

11.3 

11.0-11.8 

_ b 

22% 

_ b 

11.1 

10.7-11.5 

_ b 

96  H  EXPOSURE 

TIME 

TEMPERATURE 

RH 

13°  C 

230  c 

330  c 

98% 

_ a 

9.9 

9.6-10.1 

11.3 

11.1-11.5 

85% 

_ a 

5.1 

4. 8-5. 4 

_ a 

75% 

_ a 

7.5 

7. 1-7 .8 

_ a 

55% 

_ b 

- a 

_ b 

22% 

b 

_ a 

_ b 

a  greater  than  20%  mortality  in  the  controls 
b  experiment  not  performed  at  these  conditions 


35 


TABLE  12.  LC50 ' s  and  95%  confidence  intervals  (%  fuel  in  acetone) 

of  JP-9,  petroleum  derived  JP-8  (JP-8P),  JP-4  (JP-4P),  and 
shale  derived  JP-4  (JP-4S)  for  rice  weevils  at  a  96  h  ex¬ 
posure  time  after  fuels  were  evaporated  prior  to  contact 
with  insects.  Experiments  were  performed  at  ambient  RH 
and  temperature. 


Evaporation  FUEL 

time  (h)  JP-9  JP-8P  JP-4P  JP-4S 


6 

46.3 

40.5-53.0 

10.8 

10.5-11.1 

10.5 

a 

100 

12 

60.5 

53.5-68.5 

17.2 

15.0-19.8 

100 

100 

24 

100 

16.3 

15.3-17.4 

100 

100 

a  LC50  was  determined  from  only  one  test 
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CPM  xIO' 


Figure  1.  Calculated  regression  lines  of  mean  tritium  loss  from 

petroleum  derived  JP-4  treated  weevils  (T)  and  respective 
controls  (C)  at  three  RH's  (98,  75,  and  22%)  at  13°  C. 
(Treated  weevils  were  exposed  to  a  fuel  concentration  less 
than  a  48  h  contact  LC50). 
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Figure  2.  Calculated  regression  lines  of  mean  tritium  loss  from 

petroleum  derived  OP-4  treated  weevils  (T)  and  respective 
controls  (C)  at  three  RH's  (98,  75,  and  22%)  at  230  c. 
(Treated  weevils  were  exposed  to  a  fuel  concentration  less 
than  a  48  h  contact  LC50).  i 


Calculated  regression  lines  of  mean  tritium  loss  from 
petroleum  derived  JP-4  treated  weevils  (T)  and  respective 
controls  (C)  .at  three  RH's  (98,  75,  and  22%)  at  33°  C. 
(Treated  weevils  were  exposed  to  a  fuel  concentration  less 
than  a  48  h  contact  LC50). 


CPM  xlO 


Figure  4.  Calculated  regression  lines  of  mean  tritium  loss  from 

petroleum  derived  JP-4  treated  weevils  (T)  and  respective 
controls  (C)  at  three  RH's  (98,  75,  and  22%)  at  23°  C. 
(Treated  weevils  were  exposed  to  a  fuel  concentration 
greater  than  a  48  h  contact  LC50). 


HOURS 
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C  PM  x  10 


Figure  5.  Calculated  regression  lines  of  mean  tritium  loss  from 
shale  derived  JP-4  treated  weevils  (T)  and  respective 
controls  (C)  at  three  RH's  (98,  75,  22%)  at  23°  C. 
(Treated  weevils  were  exposed  to  a  fuel  concentration 
less  than  a  48  h  contact  LC50). 
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Figure  6.  Asymptotic  approach  to  equilibrium  of  mean  tritium 

content  of  petroleum  derived  OP-4  treated  weevils  (T) 
and  controls  (C)  in  tritiated  atmospheres  of  98  and 
22%  RH.  (Treated  weevils  were  exposed  to  a  fuel 
concentration  less  than  a  48  h  contact  LC50  for  48  h 
prior  to  introduction  into  tritiated  atmospheres). 
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(CPM  xlO3) 


Figure  7.  Calculated  regression  lines  of  T  -Tt  versus  time 
for  petroleum  derived  JP-4  treated  weevils  (T)  and 
controls  (C)  in  tritiated  atmospheres  of  98  and  22%  RH. 
(Treated  weevils  were  exposed  to  a  fuel  concentration 
less  than  a  48  h  contact  LC50  for  48  h  prior  to 
introduction  into  tritiated  atmospheres).  T  's  for 
control  weevils  at  98%  RH,  treated  weevils  at  98%  RH, 
and  control  and  treated  weevils  at  22%  RH  were  30000, 
27500,  and  5625  respectively. 
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